Background: Respiratory syncytial virus (RSV) infection in infancy is associated with subsequent recurrent wheezing. Methods: A retrospective cohort study examined children born at ≥32 weeks gestation between 1996-2004. All children were enrolled in an integrated health care delivery system in Northern California and were followed through the fifth year of life. The primary endpoint was recurrent wheezing in the fifth year of life and its association with laboratory-confirmed, medically-attended RSV infection during the first year, prematurity, and supplemental oxygen during birth hospitalization. Other outcomes measured were recurrent wheezing quantified through outpatient visits, inpatient hospital stays, and asthma prescriptions. Results: The study sample included 72,602 children. The rate of recurrent wheezing in the second year was 5.6% and fell to 4.7% by the fifth year. Recurrent wheezing rates varied by risk status: the rate was 12.5% among infants with RSV hospitalization, 8% among infants 32-33 weeks gestation, and 18% in infants with bronchopulmonary dysplasia. In multivariate analyses, increasing severity of respiratory syncytial virus infection was significantly associated with recurrent wheezing in year 5; compared with children without RSV infection in infancy, children who only had an outpatient RSV encounter had an adjusted odds ratio of 1.38 (95% CI,1.03-1.85), while children with a prolonged RSV hospitalization had an adjusted odds ratio of 2.59 (95% CI, 1.49-4.50). Conclusions: Laboratory-confirmed, medically attended RSV infection, prematurity, and neonatal exposure to supplemental oxygen have independent associations with development of recurrent wheezing in the fifth year of life.
Background
Respiratory syncytial virus (RSV) infection is common during childhood; attack rates approach 100% by age 3 years [1] . Most infants have mild upper respiratory infections, but a significant proportion develop more severe lower respiratory tract disease [1] . The most important of these infections is bronchiolitis, and RSV is responsible for 50 to 80% of bronchiolitis hospitalizations and is the leading cause of hospitalization in children younger than 1 year in the United States [2] [3] [4] .
A number of studies have reported an association between RSV infection and subsequent recurrent wheezing and early childhood asthma [5] [6] [7] [8] [9] [10] [11] [12] . In particular, two recent reports have explored this relationship using large cohorts. Carroll et al. described the association between full-term children who had outpatient visits or hospitalizations for bronchiolitis in infancy and asthma in the sixth year of life [13] . They demonstrated the presence of a severity gradient (increased severity of bronchiolitis correlated with increased asthma severity). Using a more rigorous, laboratory-confirmed definition for RSV infection, our team previously reported a similar relationship between RSV infection and recurrent wheezing in the third year of life among both premature and full-term infants [14] .
In this report, we describe the outcomes of a cohort of children born at ≥32 weeks gestational age (GA) who were followed through the fifth year of life. Because the association between RSV infection and asthma has been reported to decrease as the age of follow-up increases [5, 6, 15, 16] , we wanted to address this issue with an expanded cohort with two additional years of follow-up. Our goal was to quantify the relationship between laboratory-confirmed, medically attended RSV infection in the first year of life with the presence of recurrent wheezing (RW) during a time period when the prevalence of these conditions is expected to decrease [17] . We also explored the degree to which the relationships we found were dependent on the RW definition.
Methods

Study design
We collected data from Kaiser Permanente Northern California (KPNC), an integrated health care delivery system. This study was approved by the KPNC Institutional Review Board, which has jurisdiction over all the hospitals and clinics involved in this study. The inception cohort, described in detail in our previous report [14] , included infants meeting the following criteria: birth at the KPNC Oakland, Hayward, Sacramento, San Francisco, Santa Clara, or Walnut Creek hospitals; date of birth from 1/1/96 through 12/31/04 (this study added infants born between 1/1/03 through 12/31/04; our previous cohort included births through 12/31/02); ≥32 weeks GA at birth; infant survived the birth hospitalization; and use of or membership in Kaiser Foundation Health Plan, Inc. during the first year of life.
Study outcomes
Our primary study outcome was the occurrence of RW in the fifth year of life (fourth birthday through the day before the fifth birthday; henceforth, RW5). We defined RW as in our previous report using a combination of encounter events, patient diagnoses, and prescription patterns [14] . Using this definition, we determined whether children in our cohort met this definition in years 2, 3, 4, and 5 as well as examining the prevalence of any RW across years 2 through 5. We also tested a lenient definition termed "tentative asthma diagnosis" (TAD) in which we accepted any instance of International Classification of Diseases (ICD9) [18] diagnosis code for asthma (493.xx) in a given year at face value (i.e., we did not have strict criteria for number of encounters, nor did we use prescription data). Children categorized with TAD during years 2 through 5 were sorted into 4 hierarchical, mutually exclusive categories based on the year of life in which they were diagnosed.
Predictors
The primary study predictor was the occurrence of laboratory-confirmed, medically attended RSV infection in the first year of life (henceforth, "RSV infection"). We also examined whether infants were infected with adenovirus, parainfluenza virus, influenza A or B virus, or Bordetella pertussis. We considered outpatient visits, emergency department (ED) visits, and inpatient hospitalization with diagnosis codes for each type of pathogen to be medically attended events. A medically attended event was considered to be laboratory-confirmed if there was a positive test for the pathogen within ±14 days of the encounter. Pathogens were identified using direct fluorescent antibody testing or culture. We categorized medically attended encounters for RSV and other pathogens as outpatient (including scheduled clinic visits, unscheduled urgent care visits, and ED visits), uncomplicated hospitalizations (hospitalizations with a total length of stay [LOS] <96 hours without assisted ventilation), or prolonged hospitalizations (hospitalizations lasting ≥96 hours or in which assisted ventilation occurred). Race was included as a predictor and assessed in this study because of the well-known differences in RSV infection severity by race. The other predictorsinfant sex, maternal age, birth weight, GA, small for GA status, oxygen exposure during the neonatal period, family history of asthma as found in physicians' Significant Problem List or because of parental visits for asthma, bronchopulmonary dysplasia, presence of congenital anomalies, number of siblings present in the home, and hospitalizations for unspecified respiratory illnesseswere defined as previously reported [14] .
Attrition
To be included in our main analyses, each child in the cohort had to be a member for at least 9 months in each of the first five years of life. To make this determination, we linked the study children's utilization and membership data and created a monthly membership variable which was set equal to 1 (patient was a member during that month and/or had outpatient or inpatient use during that month) or 0 (patient was not a member during that month and did not have outpatient or inpatient use during that month) to determine eligibility for inclusion in the study cohort.
Data collection
The KPNC information systems employ a common medical record number for all inpatient, outpatient, and administrative encounters in all facilities, permitting extraction and linkage of patient data using methods that have been previously described [19] [20] [21] [22] . Care received outside the program was also tracked. We identified infants using the KPNC hospitalization database and the Neonatal Minimum Data Set [23] , a database that captures supplemental oxygen use and assisted ventilation among infants receiving neonatal intensive care. These records were linked to patient demographic, membership, laboratory, pharmacy, outpatient encounter, and hospitalization databases to obtain the previously described variables.
Statistical analyses
Statistical analyses were conducted using SAS (SAS Institute, Cary, NC). Unadjusted odds ratios (ORs) for all predictors were calculated using logistic regression [24] with RW5 as the outcome and each of the predictors as the only explanatory variable. Values of categorical variables were compared using a chi-square or Fisher exact test. Normally distributed continuous variables were compared using a Student t test. Comparisons of non-normally distributed continuous variables employed the Wilcoxon rank sum test.
We conducted multivariate analyses in three ways. We employed both logistic regression models in which children were included based on the abovementioned membership criteria as well as Cox proportional hazards modeling [24] (to account for censoring of infants). Because the results of Cox models were similar, we report those results in Additional file 1 Table S1 ; logistic regression models are reported in this paper. We also performed logistic regression using RW2, RW3, RW4, and RW5 cohorts so that we could assess the change in association as the length of follow-up increased.
The relative contribution of each predictor was calculated using the differences between the log likelihood of the full model and the log likelihood of a model without each of the predictors and was defined as the ratio of its log likelihood difference to the sum of the likelihood differences from all predictors × 100 [25] .
Results
Study participants
Scanning KPNC databases identified 165,366 infants who survived to discharge from the birth hospitalization during 1996-2004. Infants were excluded from the study due to missing data (n=358), prematurity (<32 weeks GA [most received RSV immunoprophylaxis]; n=2,371) and not meeting membership criteria (n=19,913). The final study cohort consisted of 142,724 infants ≥32 weeks GA. Of these, 72,602 met membership criteria during the first 5 years of life and constitute the analysis cohort. Among these infants, 43,786, or 60.3%, were also in our original cohort. Additional details, including a cohort assembly flow chart, are available in Additional file 1 Figures S1 and S2.
Subject demographics are reported in Table 1 . The study population is ethnically diverse, and the majority of mothers (73%) were 18-34 years of age. Using maternal records, we determined that 3.6% of infants had a maternal history of asthma.
RSV infection and the prevalence of recurrent wheezing
Using logistic regression, documented RSV infection in the first year of life was associated with an increased risk of RW5, and a severity gradient was evident ( Table 2) . For example, RSV infection that only involved an outpatient encounter had an adjusted odds ratio (AOR) of 1.38 (95% CI, 1.03-1.85), whereas if it involved prolonged hospitalization the AOR was 2.59 (95% CI, 1.49-4.50). Exposure to oxygen in the neonatal period also showed a similar gradient. In contrast, infections with other pathogens were not associated with increased rates of RW5, although prolonged hospitalizations with unspecified organisms did show a strong association (AOR, 3.46, 95% CI, 1.94-6.16). Gestational age <37 weeks was also associated with increased risk of RW5 ( Table 2 ). The relative contribution of RSV infection to the overall predictive ability of our model was 6.6%, whereas the relative contribution of oxygen exposure was 4.9%. In contrast, the relative contribution of non-modifiable risk factors was 22.8% for sex, 4.8% for GA, 21.2% for race, and 28.7% for family history of asthma.
The prevalence of RW by individual years and across years 2 through 5 is reported in Table 3 . Across all children, the prevalence of RW decreased over time from 5.6% in year 2 to 4.7% in year 5. However, depending on the presence of risk factors, the rate of RW in year 2 and the rate of decline during early childhood may be substantially different. For example, 25.0% of children with laboratory-confirmed RSV hospitalization in their first year had RW in the second year of life. These infants were approximately three times as likely to have RW5 than children who did not (12.5% vs. 4.6%), and approximately three times as likely to ever have had RW in years 2-5 (40.0% vs 12.3%). Figure 1 shows that a severity gradient (increased severity of RSV infection in infancy is associated with an increased prevalence of RW) is evident across the second through fifth years of life. The association between RSV infection, RW, and prematurity is reported in Additional file 1 Figure S3 , which provides additional displays of this gradient among children born at <37 and ≥37 weeks GA. In addition, the AOR for all types of RSV infection tended to fall as the dependent variable was changed from RW2 to RW5. For example, the AORs for an outpatient RSV encounter for RW2 through RW5 were 3.18, 2.21, 2.11, and 1.36. Additional results are shown in Additional file 1 Table S3 .
Use of a more lenient tentative asthma diagnosis to capture RW events did not lead to any directional change in our findings, but rather a general increase in the prevalence of reported outcomes. The proportion of children with RW5 using our strict definition was 4.6%, but increased to 10.3% when using the more lenient definition; however, the overall trends in the data remained consistent. Tabular data using this alternative definition is shown in Additional file 1 Table S2 analyses using this definition are available upon request by interested readers.
Recurrent wheezing in preterm and term infants
We quantified the occurrence of any RW episode (outpatient or inpatient encounter with ICD diagnosis 493.xx) across all study years in term and premature infants. This approach demonstrated higher rates of RW encounters among infants with RSV infection compared with infants without RSV infection and also a gradient by severity of RSV infection. Approximately 30%-60% of premature infants 32-36 weeks GA with RSV infection during the first year of life will have a recurrent wheezing episode by age 5 years and 40% will have >1 episode. The overall rate of inpatient encounters with a wheezing diagnosis among premature infants without RSV infections in infancy was 56 per 1,000 children by age 5 years, whereas the rate among those that did have RSV infection was 102 per 1,000 children; the corresponding rates for term infants were 27 and 111, respectively. With respect to outpatient encounters, the respective rates were 1,097 and 2,352 per 1,000 children for premature infants and 743 and 2,152 for term infants. 
Discussion
In this retrospective cohort study of children born at ≥32 weeks GA, we found that three important risk factors (RSV disease in the first year of life, moderate prematurity, and exposure to supplemental oxygen in the neonatal period) had statistically significant associations with the development of RW5. This is consistent with our previous report, [14] where these predictors were associated with RW in the third year of life. Our study is concordant with and expands upon the study by Carroll et al. [13] . As was the case with that study, ours is a very large cohort, but ours had the advantage of including children born at <37 weeks gestation as well as actually documenting RSV infection, rather than just using the presence of a bronchiolitis diagnosis. Our study also found that other pathogens did not show a strong association. We also found that, consistent with the known epidemiology of asthma and RW, prevalence decreases over time, but among infants with certain risk factors including RSV infection, the prevalence of RW remained high in the fifth year. We found that these relationships persisted when we employed a more lenient definition of RW (accepting any instance of an asthma diagnosis). Future studies may be needed to better characterize the burden of these infants on the healthcare system and determine whether other strategies for mitigating the effects of RSV are possible. It is important to stress that our study is not in concordance with another very large study conducted in Finland, where Dunder et al. did not find an association between RSV epidemics and subsequent use of asthma medication [26] . The study by Dunder et al. is important because, like us, electronic scanning of asthma medications was employed for ascertainment.
In our previous report [14] , we pointed out a number of limitations to our findings, of which the most important was that not all infants in our cohort were tested for RSV. Nonetheless, the presence of a severity gradient, the fact that the RSV effect observed in the third year of life persists into the fifth year, and the fact that other pathogens do not show this association, strongly support the notion that RSV infection in infancy is associated with asthma in childhood. This notion has been suggested by others [5] [6] [7] [8] [9] . However, it is important to note that some of our findings could be interpreted differently. For example, while it is true that our analyses clearly show a specific effect of documented RSV infection, it is striking that the relative contribution of this variable to the overall predictive ability of our model is small (6.6%), while the contribution of non-modifiable risk factors such as sex, race, and family history was far greater. In this context, we must note that our lack of data on tobacco exposure is a significant limitation.
The presence of an association, however strong, does not constitute evidence of causality, and it is important to consider a number of possible causal paths, which are not mutually exclusive, that could explain our findings. The relationship of lower respiratory tract RSV disease to asthma is under investigation, particularly the role of genetic susceptibility for eventual asthma and the interaction of genetic susceptibility with the environment [27] [28] [29] . It remains unclear whether RSV infection disrupts neural control of bronchiolar smooth muscle setting the stage for sensitized airways or whether RSV disease serves as an additional insult to a host with pre-existing genetic susceptibility for eventual asthma [27, [30] [31] [32] [33] . One possibility is that infection with RSV causes lung damage that ultimately leads to the development of asthma. Such damage could be accentuated by oxygen exposure, prematurity, bronchopulmonary dysplasia, and/or environmental exposures (e.g., air pollution, secondhand smoke). Another possibility is that a set of genes exists that is preferentially expressed following infection with RSV. Such genes, which could also be affected by environmental factors, could lead to the occurrence of wheezing and asthma. It is also possible that a set of genes that are not identical to, but are related to, the development of asthma also code for a more exaggerated response to RSV infection, thus explaining the severity gradient noted by us and others.
Lastly, one cannot exclude the possibility that a subset of the population requires a severe RSV infection in order to develop asthma.
Given conflicting findings in the literature, with different studies and study types (e.g., twin studies) coming to different conclusions [28, 34, 35] , a definitive explanation of the relationship of RSV infection to the development of asthma remains elusive [36] . What is clear is that future studies need to include more detail with respect to direct capture of genetic information. It is instructive to outline the components of what could be considered an optimal prospective study to explore the relationship between RSV infection in infancy and the development of asthma. Ideally, infants should be enrolled immediately after birth, and the initial intake process should include non-invasive collection of infant and parental DNA and a detailed history that includes special attention to family smoking history, history of atopy in parents and grandparents, and other possible environmental and allergen exposures (e.g., pets in the home). Subsequent follow-up should include frequent testing for respiratory pathogens [37] , careful attention to the development of atopy, and an objective assessment of whether or not a child develops wheezing. The setting for such a study should be in an ethnically diverse population with a relatively high baseline prevalence of asthma.
Conclusions
We have found that predictors for recurrent wheezing in the third year of life also predict for recurrent wheezing in the fifth year. Of these, the most important potentially modifiable predictor was documented laboratory-confirmed, medically attended RSV infection in the first year of life. Future research in this area will need to incorporate genetic data collection, since purely observational studies do not permit definitive inferences as to causal pathways responsible for the association between RSV infection and subsequent wheezing.
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